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Abstract 

Background: Pyrethroid resistance in vectors could limit the efficacy of long-lasting insecticidal nets (LLINs) 
because all LLINs are currently treated with pyrethroids. The goal of this study was to evaluate the efficacy and 
wash resistance of PermaNet® 3.0 compared to PermaNet® 2.0 in an area of high pyrethroid in Cote d'lvoire. 
PermaNet® 3.0 is impregnated with deltamethrin at 85 mg/m 2 on the sides of the net and with deltamethrin and 
piperonyl butoxide on the roof. PermaNet® 2.0 is impregnated with deltamethrin at 55 mg/m 2 across the entire 
net. 

Methods: The study was conducted in the station of Yaokoffikro, in central Cote d'lvoire. The efficacy of intact 
unwashed and washed LLINs was compared over a 12-week period with a conventionally-treated net (CTN) 
washed to just before exhaustion. WHO cone bioassays were performed on sub-sections of the nets, using wild- 
resistant An. gambiae and Kisumu strains. Mosquitoes were collected five days per week and were identified to 
genus and species level and classified as dead or alive, then unfed or blood-fed. 

Results: Mortality rates of over 80% from cone bioassays with wild-caught pyrethroid-resistant An. gambiae s.s 
were recorded only with unwashed PermaNet® 3.0. Over 12 weeks, a total of 7,291 mosquitoes were collected. 
There were significantly more An. gambiae s.s. and Culex spp. caught in control huts than with other treatments 
(P < 0.001). The proportion of mosquitoes exiting the huts was significantly lower with the control than for the 
treatment arms (P < 0.001). Mortality rates with resistant An. gambiae s.s and Culex spp, were lower for the control 
than for other treatments (P < 0.001), which did not differ (P > 0.05) except for unwashed PermaNet® 3.0 
(P < 0.001), which gave significantly higher mortality (P < 0.001). 

Conclusions: This study showed that unwashed PermaNet 8 3.0 caused significantly higher mortality against 
pyrethroid resistant An. gambiae s.s and Culex spp than PermaNet® 2.0 and the CTN. The increased efficacy with 
unwashed PermaNet® 3.0 over PermaNet® 2.0 and the CTN was also demonstrated by higher KD and mortality 
rates (KD > 95% and mortality rate > 80%) in cone bioassays performed with wild pyrethroid-resistant An. gambiae 
s.s from Yaokoffikro. 



Background 

Despite considerable efforts to control malaria, the dis- 
ease remains one of the most pressing public health 
issues across sub-Saharan Africa. In 2006, there were 
about 250 million malaria cases [1]. In 2008, there were 
an estimated 880,000 deaths from malaria [2,3]. Insecti- 
cide-treated nets (ITNs) significantly reduce malaria- 
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related morbidity and mortality [4], and are increasingly 
utilized in sub-Saharan Africa. In Cote d'lvoire, ITN 
coverage is low (<10%), with the majority of nets being 
considered as 'untreated' as there is evidence that the 
insecticide used for re-treatment is often not applied 
within the recommended six months time frame [4]. In 
resource-constrained settings, such as Cote d'lvoire, the 
relatively short period those insecticides remain effective 
on a conventionally treated net (CTN) is an important 
obstacle to sustaining high coverage rates of ITNs. 



© 201 1 Koudou et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons 
BiolVlGCl C^ntrBl Attribution License (http://creativecommons.org/lic on, and reproduction in 

any medium, provided the original work is properly cited. 



Koudou et al. Malaria Journal 201 1, 10:172 
http://www.malariajournal.eom/content/1 0/1 /1 72 



Page 2 of 10 



Long-lasting insecticidal nets (LLINs) were developed 
as a more sustainable solution to the problems encoun- 
tered with CTNs and are currently expected to retain 
biological activity for at least 20 standard World Health 
Organization (WHO) washes under laboratory condi- 
tions and three years of use under field conditions. 
There are two types of technology for manufacturing 
LLINs: incorporating the insecticide into polyethylene or 
polypropylene yarn or coating the insecticide onto 
polyester. PermaNet® 2.0 is a WHO recommended 
polyester LLIN coated with the pyrethroid deltamethrin 
to a target dose of 55 mg/m (±25%). This net has been 
tested in multiple laboratories and field sites. Perma- 
Net® 3.0 was designed to give increased bio-efficacy 
against pyrethroid-resistant malaria vectors; it is made 
from two types of fabric; deltamethrin coated on the 
polyester sides of the net and a synergist piperonyl but- 
oxide (PBO) incorporated with deltamethrin in the poly- 
ethylene roof. The target dose of deltamethrin in the 
sides of PermaNet® 3.0 is 85 mg/m 2 (±25%). 

Pyrethroid resistance can be caused by high frequency 
of kdr and/or enhanced metabolic mechanisms in Ano- 
pheles gambiae s.s. These types of mechanisms are 
widespread in West Africa and in some cases have been 
shown to reduce the efficacy of treated nets [5,6]. It is 
therefore essential that new LLINs that are efficient 
against insecticide-resistant malaria vectors are devel- 
oped. The goal of this study was to evaluate the efficacy 
of PermaNet® 3.0 against insecticide-resistant An. gam- 
biae s.s, Culex sp and susceptible Mansonia sp in 
experimental huts in Cote d'lvoire using washed and 
unwashed nets. Mansonia was included during this 
study as it presents a significant biting nuisance in Cote 
d'lvoire [7,8]. 

Methods 

Study area and experimental huts 

The experimental hut station was located at Yaokoffikro, 
near Bouake in central Cote d'lvoire, where 18 experi- 
mental huts are available for the assessment of new 
insecticide formulations. Six experimental huts, built 
with bricks coated in cement, were refurbished before 
starting the trial. Mosquito vector abundance at the 
field site is dominated by An. gambiae s.s and Culex sp; 
the majority of the An. gambiae s.s. population is repre- 
sented by the S form (90%) and M form (10%) at low 
frequency, with high kdr frequencies (94%) combined 
with a lower frequency of P450-based metabolic resis- 
tance [9,10]. 

The huts were situated near rice and vegetable fields in 
two rows with a five-meter gap between huts. The style 
of the hut was typical of the region, made from concrete 
bricks, with a corrugated iron roof, a ceiling of thick 
polyethylene sheeting, and a concrete base surrounded 



by a water-filled channel to prevent entry of ants [11]. 
Mosquito access was via 4 window slits constructed from 
pieces of plywood, fixed at an angle to create a tunnel 
with a 1 cm wide gap. Mosquitoes had to fly upward to 
enter through the gap and downwards to exit; this limited 
exodus though the aperture enabling the majority of 
entering mosquitoes to be retained. A veranda trap made 
of polyethylene sheeting and screening mesh measuring 2 
m long, 1.5 m wide, and 1.5 m high, projected from the 
back wall of each hut. Movement of mosquitoes between 
hut and veranda was unimpeded. All huts were thor- 
oughly cleaned before the trial. Sheets were laid over the 
floor each night to facilitate the collection of mosquitoes 
from the floor each morning. 

Net treatment and washing procedures 

The conventionally-treated nets (CTNs) were dipped 
and washed alongside the LLINs at the Liverpool School 
of Tropical Medicine (LSTM) according to standard 
WHO procedures described below. The standardized 
WHO recommended washing method used is not 
meant to simulate washing procedures in real-life, but 
allows comparisons with other studies using this format 
of washing. 

Conventionally-treated nets washed to just before 
exhaustion 

Untreated polyester nets were treated with K-O TAB® 
(deltamethrin 1% corresponding to a dose of 25 mg/m ) 
following the manufacturer's instructions (Bayer Envir- 
onmental Sciences). The point of exhaustion was deter- 
mined by treating one net and performing WHO cone 
bioassays after each wash, until reaching the exhaustion 
point, defined as the last wash for which the net still 
causes >80% mortality or > 95% knockdown (KD). After 
the sixth wash, the mortality rate against the standard 
susceptible An. gambiae s.s. Kisumu strain was under 
80% and the KD rate was below 95%. Consequently, five 
nets were treated with K-O TAB" and washed five 
times. After the fifth wash the mortality and the KD 
rates of the dipped nets were >80% and > 95%, respec- 
tively, compared to those recorded with the unwashed 
CTN, hence the targeted dose of the dipped net was 
assumed to be approximately 25 mg/m 2 . 
Washing procedure 

Before each washing of each net (LLINs and CTNs), 20 g 
of "Savon de Marseille" (Unilever) was added to 10 1 of 
de-chlorinated water and fully dissolved for 30 minutes. 
Each net was washed, immersed in the soap solution and 
manually agitated by hand (with protection by gloves) for 
10 minutes at approximately 20 rotations per minute. 
Nets were then rinsed twice in fresh tap water and dried 
horizontally in shade. The nets were stored at ambient 
temperature between washes; CTNs were washed five 
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times and PermaNet* 2.0 and PermaNet 3.0 were 
washed 20 times with a one day interval between washes. 

Bioassays 

Insecticide-susceptible An. gambiae s.s. used in bioassays 
were from a Kisumu strain established at Institut Pierre 
Richet. Insecticide-resistant An. gambiae s.s adults were 
obtained from larval collections from natural breeding 
sites in Yaokoffikro and then transported to the labora- 
tory for rearing to adults. All larvae were provided a 
diet of Tetra Mikromin fish food until adult emergence. 
All mosquito rearing and bioassays were performed 
under ambient environmental conditions. 

Cone bioassays were performed at the beginning and 
at the end of the trial. Susceptible and resistant An. 
gambiae s.s strains were tested separately. Batches of 5- 
6 unfed, 2-5 day old female An. gambiae s.s. including 
the standard susceptible Kisumu strain and a wild insec- 
ticide-resistant adult mosquitoes were placed inside the 
WHO cone and exposed simultaneously and in a similar 
manner to different parts of the unwashed and washed 
nets (the roof and the sides) for three minutes before 
being transferred from cones to holding containers. The 
number of mosquitoes knocked down was then 
recorded 60 minutes after exposure and the final mor- 
tality was recorded 24 hours post-exposure. Survivors 
were maintained on 10% honey solution. An untreated 
net was used as a negative control. 

WHO susceptibility tests were performed on 3-5 day 
old unfed wild-caught pyrethroid-resistant females 
reared from larval collections, using standard WHO 
test kits and protocols for adult mosquitoes [12]. In 
brief, papers impregnated with 0.05% deltamethrin, 
0.75% permethrin and 4% DDT were sourced from 
WHO. Batches of 20-25 females were exposed to 
impregnated papers in WHO test tubes for 1 h with at 
least four replicates per bioassay and concurrent nega- 
tive controls with corresponding insecticide-free 
papers. Knockdown (KD) was recorded after 60 min 
and mosquitoes were transferred to holding containers 
with access to a 10% honey solution. Mortality was 
recorded after 24 h. 

Volunteer sleepers, rotation and mosquito collection 

Preliminary results showed no significant difference in 
attractiveness of different huts as there was no statistical 
difference between the mean number of mosquitoes col- 
lected in huts after sleepers rotation (P = 0.05). The fol- 
lowing 6 treatment arms were tested: 

♦ Untreated net (control) 

♦ Unwashed PermaNet® 2.0 

♦ Unwashed PermaNet® 3.0 

. PermaNet® 2.0 washed 20x 

♦ PermaNet® 3.0 washed 20x 



• Conventionally-treated net (with deltamethrin) 
washed 5x. 

Five nets were used for each treatment arm with each 
net being tested on one night during each week. Holes 
were not cut in the nets for ethical reasons as requested 
by the National Malaria Control Programme. Treatment 
arms were rotated among the huts each week, according 
to a pre-established Latin square design. Five adult male 
volunteers slept in the huts from 20:00 to 05:00 h each 
night and were rotated randomly among huts each night 
of the study. At the end of each week the huts were 
cleaned and aired to avoid potential contamination. 

The trial lasted 12 weeks (from April to July 2009) as 
the number of mosquitoes collected during the first 6 
weeks of the trial was low. Each morning, mosquitoes 
were collected from the floor, walls and roof of the huts 
as well as from the exit traps. Collected mosquitoes 
were transferred to the nearby laboratory and identified 
to the genus and species level using a determination key 
[13], and classified as dead/blood fed, alive/blood fed, 
dead/unfed, and alive/unfed. Surviving mosquitoes were 
provided with honey solution and held for 24 h after 
which delayed mortality was assessed. 

The effect of each treatment was expressed relative to 
the control (untreated net) by assessing the deterrent 
effect (proportion entering), which shows the dissuasive 
effect of the treatment arms, the induced exophily (pro- 
portion of mosquitoes that exit early through the exit 
traps, treatment-induced exiting) and mortality rates. 
The blood feeding rate could not be measured as a stan- 
dard parameter as the number of blood fed An. gambiae 
s.s collected was too low and holes were not included in 
the nets as per standard WHOPES protocol [12]. All 
parameters were reported separately for each treatment. 

Ethical considerations 

Ethical approval was obtained from the Ministry of 
Health, Cote dTvoire, through the National Malaria 
Control Programme. Written informed consent was 
obtained from each volunteer sleeper, who was offered 
anti-malarial chemotherapy (artesunate plus amodia- 
quine) free of charge, and their vaccination status 
against yellow fever was checked before enrolment. 
Volunteer sleepers were medically supervised through- 
out the study by qualified medical personnel. 

Statistical analysis 

Data collected every week were double-entered and 
cross-checked in Windows Excel 2008. Statistical analy- 
sis was carried out with STATA version 9.04 (Stata Cor- 
poration; College Station, TX, USA) using a significance 
level of 5%. Data were collected for 4 mosquito species 
(or groups of species) caught in huts with six types of 
net (treatments) over a series of 5 nights before 
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changing the treatment allocation the next week. The 
data variables measured were: number of mosquitoes 
caught in the room and on the veranda, number dead 
either immediately after exposure to the net or 24 hrs 
post exposure and the number of blood fed mosquitoes. 

Three main variables were analysed for each mosquito 
species: 

- total number of each mosquito species caught: calcu- 
lated as (number in room) + (number on veranda) 

- proportion of mosquitoes exiting the room: calcu- 
lated as (number caught on veranda) /(total number) 

- mortality: calculated as (total number dead = 
immediate + delayed) /(total number) 

The blood feeding rate was also calculated (number 
blood fed/total number), but this has not been included 
as a standardized parameter because holes were not in 
the nets for ethical reasons, as explained previously. 
Mosquito numbers were analysed using Poisson GLM 
(generalized linear model) with a log link function. This 
model accounts for the variance heterogeneity seen with 
count data, especially for very low mosquito counts, and 
fits a model that is linear on the logarithmic scale 
(exponential in terms of counts). The ratio of all treat- 
ments to control is then compared using this model. 

The remaining variables were proportion data, and 
were analysed using a Binomial GLM with logit link 
function. This model accounts for variance heterogene- 
ity that depends both on the proportion and total num- 
ber of mosquitoes of each species observed. It fits a 
model that is linear on the logistic scale (an S-shaped 
curve on the proportion scale). It is not straightforward 
to derive ratios between treatments using this model, 
but it is possible to derive the odds ratio for any test 
treatment against the control. An odds ratio of 0.5 or 
less indicates no difference between the treatments; and 
between treatment and control; an odds ratio > 0.5 indi- 
cates a higher proportion for the test treatment com- 
pared to the control. 

Two sets of analyses were conducted; the first analysis 
used the daily data to check whether there was any evi- 
dence of significant differences between sleepers. This 
analysis used the model terms: 'Hut' + 'Week' + 'Sleeper' 
+ 'Treatment', where 'Hut' is a factor labelling huts 1-6, 
'Week' is a factor labelling weeks 1-12, 'Sleeper' is a fac- 
tor labelling Sleepers 1-6 and 'Treatment' is a factor 
labelling treatments 1-6. Fitting this model in this order 
means allows means for each hut and week to be 
removed before looking for differences between Slee- 
pers, and treatment differences are assessed only after 
removing these other effects. 

The first analyses showed evidence of sleeper effects 
only for the blood feeding rate, where numbers were so 
low as to be unreliable. Hence this parameter could not 
be used as an outcome measure. The analysis of weekly 



totals was almost identical to the analysis of daily totals. 
The statistical analysis on the number of blood fed mos- 
quitoes was then done by using the total blood feds of 
each species with each treatment, which were analysed 
separately. 

A second set of analyses on weekly totals was there- 
fore carried out using the model terms: 

'Hut' +' Week' +' Treatment'. 

The significance of the treatments was assessed using 
the F-test from analysis of deviance (analogous to 
ANOVA for continuous data). Predictions for each 
treatment were obtained with a 95% confidence interval, 
and the ratio (or odds ratio) with respect to the control 
treatment was obtained, again with a 95% confidence 
interval. Finally, the deterrent effect (proportion enter- 
ing), the induced exophily and mortality rates between 
treatment arms were compared. 

Results 

Mosquito abundance 

From April to July, a total of 7,291 mosquitoes were col- 
lected during 360 man-nights by human volunteer slee- 
pers in 6 huts in the experimental site of Yaokoffikro. 
Of the mosquitoes caught, 47.1% were Mansonia spp, 
31.4% were An. gambiae s.s, 18.0% were Culex spp, 0.6% 
were Anopheles funestus and 2.3% were Anopheles spe- 
cies other than An. gambiae s.s. or An. funestus. The 
remaining 0.6% of the mosquitoes caught belonged to 
the genus Aedes. There were significantly more An. 
gambiae s.s and Culex spp caught in control huts with 
the untreated nets than with other treatments (P < 
0.001) (Additional files 1 and 2, Tables SI and S2). 
There was no significant difference in numbers caught 
for Mansonia spp. (P > 0.05). Excluding the untreated 
net, the numbers of An. gambiae s.s and Culex spp. col- 
lected with each treatment did not differ significantly (P 
> 0.05). 

Deterrent effect 

In comparison to the controls, the entry rate of An. 
gambiae s.s in huts with PermaNet® and the CTNs was 
reduced by between 60 and 65% (Additional files 1, 2 
and 3), with no statistical difference between treatments. 

Induced exophily rate 

For An. gambiae s.s., Culex spp and Mansonia spp, sig- 
nificantly more mosquitoes exited in the veranda traps 
of the huts with PermaNet* and the CTN than in the 
hut with the untreated control (P < 0.001), but there 
was no significant difference in the induced exophily 
rates of An. gambiae s.s., Culex spp and Mansonia spp 
between the different treatment arms (P > 0.05). 
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Mortality 

Low mortality rates were recorded in the control hut for 
An. gambiae s.s (6.8%), for the other Anopheles species 
(7.5%) and also for Culex spp (6.6%). However, the mor- 
tality rate of An. gambiae s.s, was significantly higher for 
treatment huts than for the control hut (P < 0.001). 
When comparing unwashed nets, a significantly higher 
mortality rate of An. gambiae s.s was recorded for 
unwashed PermaNet* 3.0 than for unwashed PermaNet 8 
2.0 (Additional file 1, Table SI) (P = 0.005). However, for 
washed nets, there was no statistical difference between 
the mortality rates of An. gambiae s.s for washed Perma- 
Net® 2.0, washed PermaNet® 3.0 and the CTN (P = 
0.337). For the other Anopheles species {Anopheles nili, 
Anopheles pharoensis, Anopheles ziemanni), the highest 
mortality rate was recorded with washed PermaNet® 2.0 
(67.3%) and unwashed PermaNet® 3.0 (55.6%). 

For Mansonia spp, the untreated control had the low- 
est mortality rate, followed by the washed PermaNet® 3.0 
although this was significantly greater than the untreated 
control (P < 0.001); there was no significant difference 
between the mortality rates of the other treatment arms 
(P = 0.05). The highest mortality rate with Mansonia spp 
was recorded with unwashed PermaNet® 3.0 (69.0%) and 
PermaNet® 2.0 washed 20x (64.3%) (Additional file 3, 
Table S3). For pyrethroid-resistant Culex species, the 
highest mortality rate was observed with unwashed Per- 
maNet® 3.0 (51.6%) (Additional file 2, Table S2). 

For Culex spp, a significantly higher mortality rate was 
recorded with unwashed PermaNet® 3.0 (51.6%) com- 
pared to the other treatment arms (P < 0.001) with the 
lowest mortality recorded for the untreated net (6.6%) 
(P < 0.001). Meanwhile, a significantly higher mortality 
rate of Culex spp was recorded with unwashed Perma- 
Net 3.0 compared to the other treatment arms (P < 
0.001). The mortality rate of unwashed PermaNet® 3.0 
against An. gambiae s.s was significantly higher than the 
one of washed PermaNet® 3.0 (P = 0.020). The mortality 
rates of washed PermaNet® 2.0 and washed PermaNet® 
3.0 were not statistically different from mortality rates 
with the CTN (P > 0.05). 

Washing activities did not affect the efficacy of Per- 
maNet® 2.0 against resistant An. gambiae s.s, resistant 
Culex spp or Mansonia spp as there was no significant 
difference between the mortality recorded before and 
after washing of this net {An. gambiae s.s, P = 0.558; 
Culex spp, P = 0.297, and Mansonia spp, P = 0.236). 
However, washing significantly reduced the efficacy of 
PermaNet® 3.0, as demonstrated by the statistically 
significant difference recorded between the mortality 
rates of 20x washed and unwashed PermaNet® 3.0 
against pyrethroid-resistant An. gambiae s.s (P < 
0.001), resistant Culex spp (P < 0.001) and Mansonia 
spp (P = 0.005). 



Blood feeding 

The number of blood fed mosquitoes caught was very 
low because all nets tested were intact. The highest 
blood feeding rates for An. gambiae s.s were recorded 
with the CTN (8.6%), which was statistically similar to 
those recorded with unwashed PermaNet® 3.0 and 
unwashed PermaNet* 2.0 (P = 0.528), washed Perma- 
Net® 3.0 and washed PermaNet® 2.0 (P = 0.336). The 
blood feeding rate of the untreated net for An. gambiae 
s.s was equal to 8.5%. 

Bioassays and knockdown rates 

Mean KD and mortality rates against Kisumu strain 

Each treatment arm (unwashed PermaNet®2.0, washed 
PermaNet®2.0, unwashed PermaNet® 3.0, washed Per- 
maNet 3.0, washed and unwashed CTN, and 
untreated net) was bio-assayed before and after the 
trial. All treatments including the washed CTN showed 
a mean KD rate over the threshold of 95% and a mean 
mortality rate >80%, with the exception of the 
untreated net (Figure 1). The unwashed PermaNet® 
3.0 gave a mean KD rate of 99.2% and 99.8% and a 
mean mortality rate of 99.1% and 99.5% from the sides 
and roof panels, respectively, whereas for washed Per- 
maNet® 3.0 a mean KD rate of 99.1% and 99.5% and a 
mean mortality rate of 99.8% and 99.9% were recorded 
from the sides and roof panels, respectively. 
Mean KD and mortality rates against pyrethroid-resistant 
wild caught An. gambiae s.s 

The high levels of insecticide resistance in An. gambiae 
s.s mosquitoes collected in the study area was confirmed 
by the low mortality rates in WHO susceptibility tests 
with DDT, deltamethrin and permethrin (2.9%, 10.6% 
and 43.9% mortality, respectively). Cone bioassays per- 
formed with wild resistant An. gambiae s.s. mosquitoes 
in July and October 2009 showed a mean KD rate < 
95% and a mean mortality rate < 80% for all treatment 
arms, with the exception of unwashed PermaNet 8 3.0 
(KD 95.8% and mortality 97.0%) (Figure 2). 

For this unwashed PermaNet® 3.0, bioassays on side 
and roof panels yielded a mean KD of 94.3% and 98.6% 
and a mean mortality rate of 93.5% and 99.5%, respec- 
tively. For washed PermaNet RJ 3.0 a mean KD of 82.3% 
and 91.2% and a mean mortality rate of 83.3% and 
90.0% were recorded for side and roof panels, respec- 
tively. The mean KD and mortality rate of pyrethroid 
resistant An. gambiae s.s recorded for the unwashed 
CTN were 95.7% and 81.6%, respectively. 

Discussion 

The excito-repellency effect of all the treated nets was 
consistently high (> 50%) compared to the control. Mos- 
quitoes were affected by pyrethroid on the nets, corro- 
borating previous findings that pyrethroid-impregnated 
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■ Performed in July 09 KD after 1H (%) 

■ Performed in October 09 KD after 1H (%) 



Untreated net Permanet 3.0 Permanet 3 washed 
(control) 20x 

Treatment arms tested 



la. 




■ Performed in July 09 Mortality after 24H (%) 

■ Performed in October 09 Mortality after 24H(%; 



Untreated net Permanet 3.0 Permanet 3 
(control) washed 20x 

Treatment arms tested 



lb. 

Figure 1 (a & b): Mean Knock down (KD) and Mortality rates recorded after performing laboratory tests with each treatment arm 
against An. gambiae s.s. Kisumu strain at the beginning (July 09) and at the end of the trial (October 09) 



nets provide an irritant barrier against susceptible and 
resistant An. gambiae s.s mosquitoes, due to the excito- 
repellency and knock-down effects of pyrethroids [14]. 
The absence of holes in the nets, for ethical reasons, 
could have impacted the excito-repellency effect of all 



the treated nets, as sleepers would be accessible to An. 
gambiae s.s, Culex sp, Mansonia sp and other mosqui- 
toes when under holed nets. Access to a blood meal 
may then reduce the excito-repellency rate recorded 
with each net. However, in areas with pyrethroid 
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Figure 2 (a & b): Mean Knock down (KD) and Mortality rates recorded after performing laboratory tests with each treatment arm 
against resistant An. gambiae wild strain at the beginning (July 09) and at the end of the trial (October 09). 



resistance, such as Benin [15], Burkina Faso and Camer- 
oon [6], even when holes were present in the nets, the 
mortality rates recorded were low (30-40%) whereas in 
susceptible area such as Tanzania, mortality were above 
80% [16] confirming the fact that mosquitoes resistance 



to pyrethroid reduced efficacy of nets. Low blood feed- 
ing rates were recorded for all treatment arms because 
nets were tested intact. 

Cone bioassays against resistant An. gambiae s.s 
showed that the KD rate was > 95% and the mortality 
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was > 80%, only with unwashed PermaNet 3.0, 
although with washed 20x PermaNet 8 3.0 a mortality 
rate > 80% was recorded against resistant An. gambiae 
s.s. Four out of five of the cone bioassays were per- 
formed on the polyester sides of washed PermaNet 3.0 
coated with high dose of deltamethrin (85 mg/m ). Pre- 
vious studies conducted in sub-Saharan Africa have 
shown that the deltamethrin content remained high in 
the polyester sides of washed PermaNet® 3.0 even after 
20 washes [6,17]. Chemical analysis of deltamethrin and 
PBO content on nets used in this study was not 
conducted. 

The highest mortality rates against An. gambiae s.s 
(55.0%) and Culex sp (51.6%) were recorded with 
unwashed PermaNet® 3.0; mortality rates recorded with 
the other treatment arms were low (less than 40%) and 
did not differ significantly. The high dose of deltame- 
thrin alone in the side panels of unwashed PermaNet R> 
3.0 could explain the significant difference in mortality 
of resistant An. gambiae s.s with this net compared to 
the other treatment arms. A previous study showed that 
the loss of deltamethrin after washing is very low in the 
side panels of PermaNet 2.0 [6] where the dose of del- 
tamethrin was initially equal to 55 mg/m (±25%) before 
washing. That could partially explain why in these stu- 
dies unwashed and washed PermaNet" 2.0 performed 
equally [17] confirming results reported in this study 
even if none measurement related to the deltamethrin 
and PBO doses was done before and after nets washing 
in the study. 

The loss of efficacy of washed PermaNet® in this 
study could be due to the resistance of An. gambiae s.s 
to pyrethroids, as in susceptible area such as Tanzania, 
the mortality rates recorded are usually above 80% even 
with washed PermaNet® 2.0 [16]. Consequently, washing 
is considered to be a more important loss mechanism 
for coated nets than for incorporated nets. Over the 
course of 20 washes, there was a weak partial loss of 
activity against the resistant An. gambiae s.s and Culex 
spp with PermaNet® 3.0 in the experimental hut trial, 
which was supported by bio-efficacy data indicating a 
reduction in mortality rates detected via cone bioassays 
on washed PermaNet 3.0. Probably the loss of deltame- 
thrin after 20 washings in the polyester sides of Perma- 
Net* 3.0, combined with the high pyrethroid resistance 
rates in An. gambiae s.s and Culex spp explains the low 
mortality rate recorded with washed PermaNet® 2.0 and 
PermaNet® 3.0. Results from cone bio-assays showed 
that the mortality rate recorded with 20x washed Per- 
maNet 3.0 in the roof and sides and 20x washed Perma- 
Net 2.0 against resistant An. gambiae was equal to 86% 
and 57%, respectively. Similar bioassays results were 
reported in Ladji, in southern Benin where An. gambiae 
s.s M form species were resistant to pyrethroids and 



DDT, with high frequency of kdr and metabolic resis- 
tance. In Benin, similar mortality rates were observed 
with An. gambiae tested in WHO susceptibility kits with 
deltamethrin (43.9% vs. 45.2%) [15]. The current study 
demonstrated that washed and unwashed PermaNet 2.0, 
washed PermaNet 3.0 and the conventionally-treated 
washed net (CTN) performed equally, while unwashed 
PermaNet 3.0 was associated with increased mortality. 
This is consistent with a recent study carried out in 
Benin, West Africa, which showed that although 
unwashed PermaNet® 3.0 was associated with a higher 
mortality than unwashed PermaNet 2.0 or unwashed 
Olyset, once washed, PermaNet 2.0 and 3.0 performed 
similarly [15]. In Vietnam where resistance did not seem 
to be affecting net efficacy, all PermaNet arms were per- 
forming slightly better than conventionally treated nets 
washed until just before exhaustion [17]. In Burkina 
Faso, in Vallee du Kou where the kdr mutation fre- 
quency was high (> 80%), results showed a strong 
reduction of LLIN efficacy. In this area, a significantly 
higher mortality and blood feeding inhibition was asso- 
ciated with unwashed and washed PermaNet 3.0 com- 
pared to unwashed and washed PermaNet P 2.0 [18]. 

This study raises concerns that resistance appears to 
be having an impact on the efficacy of the nets in Ivory 
Coast (<40% mortality), in southern Benin (40 to < 30% 
mortality) with deltamethrin lambda- cyhalothrin [5,15] 
treated nets and in Burkina Faso (<40% mortality) [6] 
compared to >80% mortality in Tanzania where the vec- 
tors are susceptible [16]. Resistance mechanisms in Ano- 
pheles gambiae from the village of Ladji in Benin 
include kdr and metabolic mechanisms [5,19]. Resis- 
tance due to the involvement of P450s and kdr [15,20] 
has undermined attempts at malaria control with delta- 
methrin residual spraying in southern Africa caused by 
An. funestus [21]. Elevated P450 activity in a strain of 
An. gambiae from Cameroon has been found to reduce 
the efficacy of permethrin-treated netting in laboratory 
tests [22,23]. However, recent cone bio-assays performed 
on PermaNet 2.0 and PermaNet 3.0 after eight months 
use with metabolic resistant An. gambiae and Anopheles 
arabiensis from northern Cameroon showed very high 
mortality rates (Koudou et al, unpublished data). 
Enzyme-based pyrethroid resistance mechanisms, such 
as elevated esterases and/or P450's, combined mechan- 
isms such as kdr and metabolic resistance, and other 
mechanisms such as reduced penetration of insecticide, 
may be more of an obstacle to the control of malaria 
vectors in Cote d'lvoire [24]. 

Washing of PermaNet® 2.0 and PermaNet® 3.0 did 
not affect their deterrent effects against resistant An. 
gambiae s.s or Culex sp. However, the deterrent effect, i. 
e. the reduction in the number of mosquitoes entering 
the hut, may not be a reliable indicator of ITN efficacy, 
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as within the same geographical area this index has var- 
ied considerably with different vectors and nets (includ- 
ing PermaNet® 2.0) between experiments, e.g. from zero 
to 70.0% against fair-based pyrethroid resistant An. gam- 
biae s.s [25,26]. 

Conclusion 

To conclude, the present study showed that unwashed 
PermaNet® 3.0 caused higher mortality against resistant 
An. gambiae s.s and Culex spp. than washed and 
unwashed PermaNet 2.0, washed PermaNet" 3.0 and 
the CTN. Village trials currently ongoing in Cote 
d'lvoire and Cameroon in kdr and metabolic resistant 
areas, respectively, will allow the research team to con- 
clude whether the enhanced efficacy of unwashed Per- 
maNet® 3.0 over PermaNet® 2.0 and the CTN observed 
against both resistant An. gambiae s.s and Culex spp 
during the hut trial is enough to control highly pyre- 
throid-resistant malaria vector populations at the com- 
munity level. The additive impact of unwashed 
PermaNet® 3.0 over PermaNet® 2.0 and CTN is con- 
firmed by the significantly increased killing effect on 
both resistant An. gambiae s.s and Culex spp mosquitoes 
even if the mortality rate recorded with this net was not 
high (< 60%). 

Additional material 
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